1. Introduction {#sec1}
===============

Water pollution caused by oil spillages has aroused extensive attention across the world. Oils have very low biodegradability. The effect of oil spills is often portrayed by the media as long-lasting disasters, which damage the water environment and threaten aquatic life by decreasing the penetration of light and oxygen into water. To date, a variety of technologies and materials have been developed to clean up oils from contaminated water, such as chemical methods, in situ burning, bioremediation, and mechanical recovery (booms, skimmers, and sorbents).^[@ref1]^ Among them, sorbent materials are considered a promising approach for oil spill cleanup because they can collect and remove oils in situ from the water surface while bringing no adverse effect to the environment.^[@ref2]^ In the past years, various sorts of materials including inorganic products, synthetic organic materials, and natural vegetable materials have been developed as oil sorbents.^[@ref3],[@ref4]^ Inorganic materials like silica nanoparticles,^[@ref5]^ CaCO~3~ powder,^[@ref6]^ and zeolites^[@ref7]^ have poor buoyancy and are difficult to be applied on site because of their powdery form. Synthetic organic materials like melamine foams^[@ref8],[@ref9]^ and polyurethane foams^[@ref10],[@ref11]^ have been widely studied because of their possible high oil absorption. However, the severe consequential environmental issues caused by the discarded oil-loaded synthetic sorbents that are difficult to be biodegraded also arouse wide concerns. By contrast, the application of biomass-based green materials as oil sorbents gains great attention due to their biodegradability, renewability, and low cost.^[@ref12]^ Natural products including cotton fiber,^[@ref13]^ populus seed fiber,^[@ref14]^ cattail fiber,^[@ref15]^ kapok fiber,^[@ref16]^ and various plant residues like rice husk,^[@ref17]^ corn stalk,^[@ref18]^ and bagasse^[@ref19]^ have been employed as oil sorbents. For example, our few works have revealed cattail fiber^[@ref15]^ and kapok fiber^[@ref20]−[@ref22]^ as oil sorbents for efficiently separating oils from water. Despite their environmental and economic advantages, many natural materials suffer from critical limitations such as poor hydrophobicity and low oil/water separation efficiency.^[@ref12]^

To address the above-mentioned problems, concerted efforts have been made to develop surfaces with superhydrophobicity.^[@ref23]−[@ref25]^ By transferring these surfaces to a sorbent surface, a superhydrophobic and oleophilic sorbent can be produced for oil sorption with excellent oil/water separation efficiency.^[@ref26]−[@ref28]^ To date, the most common strategies to fabricate superhydrophobic surfaces are wet chemical techniques (dip coating and hydrothermal method)^[@ref29],[@ref30]^ and dry physical methods (chemical vapor deposition, CVD).^[@ref31],[@ref32]^ For example, Wang et al. fabricated ZnO nanoneedles onto the surface of kapok fiber via a hydrothermal method, followed by hydrophobization with dodecanethiol (DDT), obtaining a superhydrophobic sorbent with enhanced oil sorption capacity.^[@ref30]^ Despite various methods to produce superhydrophobicity, the creation of such surfaces still faces enormous challenges from complex equipment requirements, tedious fabrication processes, and poor superhydrophobic stability. For instance, Jamalludin et al. fabricated a superhydrophobic and superoleophilic green ceramic hollow fiber membrane, which took more than 7 days to prepare the base-catalyzed silica sol and 4 h of annealing at 400 °C after dip coating.^[@ref19]^ It is of significant importance to develop versatile and robust superhydrophobic strategies that can be facilely applied to sorbents.

In this work, a robust superhydrophobic alginate sponge acting as a super-anti-water "green" oil sorbent was prepared by one-step growth of silicone nanofilaments onto a silver nanoparticle (AgNP)-decorated alginate sponge via chemical vapor deposition of an azeotrope of (CH~3~)~3~SiCl and SiCl~4~. Alginate is a low-cost, renewable biomaterial isolated from the cell wall of marine brown algae and consists of a copolymer of β-[d]{.smallcaps}-mannuronic acid (M) and α-[l]{.smallcaps}-guluronic acid (G). It attracts wide attention as "green chemistry" in the food industry and medical science. Alginate foam that can be prepared by freeze-drying alginate hydrogels, followed by ionic cross-linking with Ca^2+^, is an intrinsically amphiphilic absorbent widely used for removing heavy metal ions from water.^[@ref33]^ Herein, micro--nano hierarchical Ag particles (AgNPs) were deposited on alginate sponges via ion exchange, and the sponges demonstrated excellent superhydrophobicity after CVD with trimethylchlorosilane \[(CH~3~)~3~SiCl\] and tetrachlorosilane (SiCl~4~). The mixture of (CH~3~)~3~SiCl and SiCl~4~ formed a minimum boiling azeotrope having a boiling point 3 °C below those of the two independent components.^[@ref34]^ This azeotrope efficiently converted the superhydrophilic alginate sponge into superhydrophobic in only 5 min at room temperature. The as-obtained sponge showed robust superhydrophobicity resisting high temperatures, UV irradiation, organic solvents, and mechanical abrasion. Such a sponge could absorb oils of different viscous levels from water at a high speed and also separate oil/water mixtures efficiently. Such a bio-based sponge is cheap and originally derived from the cell wall of marine brown algae with excellent biodegradability. The fabrication process is simple, solvent-free, and efficient with instant superhydrophobicity. These excellent performances make the resultant sponge a competitive material for oil spill emergency remediation.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Sodium alginate was purchased from Qingdao Mingyue, China. Calcium chloride (analytical reagents, CaCl~2~) was purchased from Jiangsu Yancheng Co., Ltd., China. Silver nitrate (analytical reagents, AgNO~3~) was supplied by Shanghai Guoyao Chemicals Co., Ltd., China. Trimethylchlorosilane (analytical reagents, Me~3~SiCl) and tetrachlorosilane (analytical reagents, SiCl~4~) were obtained from Sigma. Toluene, dichloromethane, and chloroform were purchased from Tianjin Fuyu Fine Chemical Co., Ltd., China. Soybean oil used in this work was purchased from COFCO Aidiman Grain and Oil Industry Co., Ltd., China. Engine oil (0W-20), engine oil (5W-40), and engine oil (20W-50) were purchased from ExxonMobil Co., Ltd., China. Petroleum was provided by the China University of Petroleum. Petroleum was heated to 60 °C during oil sorption experiments because the as-received petroleum was solid at room temperature. The properties of the oils are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The surface tensions were determined using an optical contact angle and 3D profile tester (Theta, Biolin, Sweden). The viscosities of the oils were measured by an NDJ-1 rotary viscometer.

###### Properties of Experimental Liquids

  oil type              density (g/cm^3^)   viscosity (mPa·s)   surface tension (mN/m)
  --------------------- ------------------- ------------------- ------------------------
  soyabean oil          0.92                56.00               32.05
  engine oil (0W-20)    0.83                84.00               29.37
  engine oil (5W-40)    0.84                156.50              30.08
  engine oil (20W-50)   0.87                500.00              31.27
  chloroform            1.50                0.56                29.91
  petroleum (60 °C)     0.96                1775.00             50.00

2.2. Fabrication of Alginate Sponges {#sec2.2}
------------------------------------

Alginate sponges (SAs) were fabricated by the freeze-drying technique. SA (1 g) was added into 25 mL of hot deionized water (70 °C) and stirred by a juice mixer to form viscous slurry. This slurry was filled in a square mold (2.0 × 1.0 × 1.5 cm^3^) by a syringe, followed by freeze-drying for 12 h. The as-obtained sponges were cross-linked with Ca^2+^ in a CaCl~2~ solution (5 wt %) for 4 h. The Ca^2+^-cross-linked alginate sponges, denoted as SA--Ca, were cleaned with deionized water to remove residual CaCl~2~ solution and then immersed in a AgNO~3~ solution (10 mM) for 3 h. After cleaning with enough water, the resulting sponges denoted as SA--Ca--Ag were freeze-dried, and they were ready for the following superhydrophobic modification. All of the reactions were conducted at room temperature.

2.3. Superhydrophobic Modification {#sec2.3}
----------------------------------

The above-obtained alginate sponges were treated with the mixture of (CH~3~)~3~SiCl and SiCl~4~ by a vapor-phase reaction in the following steps. Four pieces of SA--Ca--Ag were placed in a reaction container with a volume of 650 cm^3^ and exposed to a humidified environment (RH = ∼65%) controlled by a glove bag to capture a small volume of water before being capped. Equivalent amounts of (CH~3~)~3~SiCl and SiCl~4~ (0.1 mL) were injected into the container from the two side openings, which were sealed with a top cap with a silicone gasket. After that, the system was reacted at room temperature for a controlled time (1--60 min) and the product denoted as SHSA was removed.

2.4. Characterizations of Morphology, Composition, and Wettability {#sec2.4}
------------------------------------------------------------------

The morphology and composition of alginate sponges were characterized by field emission scanning electron microscopy (FESEM) (Sigma500, Carl Zeiss, Germany) equipped with energy-dispersive X-ray spectroscopy (EDS) (INCAx-Sght6427, Oxford Instruments, Britain). Fourier transform infrared (FTIR) spectra were recorded in the wavelength range of 650--4000 cm^--1^ on a Nicolet iS5 (Thermo Nicolet Corporation) spectrum instrument. The porosity of SHSA was analyzed based on the maximum volume of absorbed ethanol. The contact angles of water on SHSA were tested using a contact angle analyzer (Theta, Biolin, Sweden). SHSA was irradiated using a xenon test chamber (Q-SUN Xe-2, Q-LAB) of 1.10 W/m^2^ at 420 nm for 24--120 h to evaluate its UV resistance. The heat resistance of SHSA was tested by measuring the water contact angles after being heated at 40--140 °C with increasing intervals of 20 °C for 2 h. To evaluate the chemical stability, SHSA was immersed into two common organic solvents, including toluene and dichloromethane. The corresponding contact angles of SHSA were monitored during the immersion. The mechanical stability of the water contact angle was analyzed by a peeling test. During the process, SHSA was pressed onto an adhesive tape and peeled off. The process was repeated 50--400 times and fresh adhesive tape was replaced after several times of peeling to keep the adhesive effect.

2.5. Oil Sorption Capacity {#sec2.5}
--------------------------

The oil sorption capacity was tested as follows. Fifty milliliters of oil or chloroform was placed in a 100 mL glass bottle. A piece of SHSA was added in and taken out when SHSA was completely sunk into the oil. The oil-loaded sample was taken out and the absorbed oil was allowed to freely drip for 1 min. The test was repeated three times. The oil sorption capacity was calculated according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.In [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *m*~SA~ and *m*~SA--oil~ are the mass of the sample before and after oil sorption, respectively.

The reusability of SHSA was tested by gently squeezing the oil-loaded sponge with a gripper and then immersing it in the oil for 1--5 min before taking it out. Ten cycles were tested.

2.6. Oil/Water Separation {#sec2.6}
-------------------------

The oil/water separation performance was tested as follows. A mixture of oil and water (1:4) was prepared by 5 min of vigorous manual agitation and then taken in a 20 mL syringe. The separation of the oil/water mixture was performed by inserting the needle of the syringe in the alginate sponge and extruding the mixture out through it. Because of superhydrophobicity and superoleophilicity, the oil was retained in the alginate sponge, while the water was repelled, spouted from the sponge surface, and collected. The optical images of the oil/water mixture before and after extruding through the alginate sponge were observed by optical microscopy (DM2700M, Leica Microsystems CMS Gmbh, Wetzlar, Germany).

3. Results and Discussion {#sec3}
=========================

3.1. Fabrication and Structural Characterization {#sec3.1}
------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates the fabrication mechanism of AgNPs@(CH~3~)~3~SiCl/SiCl~4~ superhydrophobic coating on the alginate sponges. The SA obtained by freeze-drying the alginate hydrogels is a copolymer of β-[d]{.smallcaps}-mannuronic acid (M) and α-[l]{.smallcaps}-guluronic acid (G). These sponges are cross-linked with Ca^2+^ to form a water-unsoluble block (SA--Ca), which leads to a volume shrinkage of 18.18%. The AgNPs were deposited on SA--Ca via ion exchange with Ag^+^ solution. The SEM images of the sponges before and after ion exchange are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c. In the figure, SA--Ca presented a smooth surface, while SA--Ca--Ag, which showed a silver color, exhibited rough hierarchical structures with a layer of generated AgNPs. SA--Ca--Ag was superwettable to water. After 5 min of exposure to the mixture of (CH~3~)~3~SiCl and SiCl~4~, the superhydrophilic SA--Ca--Ag was instantly converted into superhydrophobic, on which a circular water droplet was set ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The dynamic water wettability of the sponges before and after CVD is compared in [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_001.avi). In the left video, SA--Ca--Ag absorbed the droplets of the dripping water (approximately 8 μL) within 0.30 s due to its superhydrophilic nature. In contrast, water droplets were not quite stable on SHSA and they bounced off spontaneously because of its superhydrophobic nature (right video in [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_001.avi)). The finally obtained SHSA showed an average porosity of 83.71% with various levels of pores in the size range of 30--200 μm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

![Schematic of fabrication and formation mechanisms; the digital images of SA (a), SA--Ca (b), SA--Ca--Ag (c), and SHSA (d).](ao0c02731_0002){#fig1}

![SEM images of SA--Ca (a, b), SA--Ca--Ag (c), and SHSA (d, e); SEM--EDS mapping of SHAS (f).](ao0c02731_0003){#fig2}

In our first experiment, we directly treated SA--Ca with the mixture of (CH~3~)~3~SiCl and SiCl~4~ but failed to obtain a superhydrophobic coating even after a 3 h reaction. However, the reaction of (CH~3~)~3~SiCl and SiCl~4~ was shortened to several minutes to produce superhydrophobicity when we introduced AgNPs rough hierarchical structures to the block. This was because the AgNPs attracted Cl^--^ from the azeotrope to form insoluble aggregations, which led to two reactions: SiCl~4~ was hydrolyzed by trace of water and reacted with hydroxyl and carboxyl groups on the SA surface growing in three dimensions, while the (CH~3~)~3~SiCl terminated the polymerization with trimethylsilyl groups exhibiting on the outside of the siloxane polymers. (CH~3~)~3~SiCl reacts more effectively with the siloxane network at the sides than it does at the ends because of the reactive curvature, which leads the growth of siloxane particles in the length direction and development into silicone nanofilaments. Trimethylsilyl groups on the outside of the siloxane skeleton extend toward the air acting as a liquid-like three-phase contact line and form a basic hydrophobic covering layer, while the micro- and nanoscale protuberances beneath the trimethylsilyl groups make the rough SHSA surface capable of retaining a layer of air at the nanofilaments' interface. This captured air layer is proved by the presentation of the mirror-like surface of SHSA underneath the water and is crucial to the robust superhydrophobicity of the sponges. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e, the surface of SHSA after 5 min of CVD exhibits a layer of uniformly compacted silicone nanofilaments with lots of micro- and nanoscale protuberances consisting of AgNPs, which is similar to the surface structure of lotus leaves. The morphology changes of SHSA under increased exposure time to (CH~3~)~3~SiCl and SiCl~4~ are also shown in [Figure S1b--f](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_003.pdf). It is observed that uniformly short silicone nanofilament layers begin to grow in the length direction and cross-link each other exhibiting several nanofilament clusters on the surface of SHSA after 10 min of exposure. The number of nanofilament clusters is increased with the increase of exposure time until a coating of condensed nanofilament clusters is formed after 60 min of exposure.

FTIR analyses of SA, SA--Ca, SA--Ca--Ag, and SHSA were also conducted to understand the hydrophobic mechanism ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The SA has an obvious absorption peak at around 3253 cm^--1^, corresponding to O--H bonds. In addition, the characteristic peaks of SA at 1595 and 1400 cm^--1^ were attributed to the asymmetric and symmetric vibration peaks of carboxyl groups (−COOH), respectively.^[@ref35]^ Another obvious peak at 1020 cm^--1^ was attributed to the stretching vibrations of C--O due to the existence of hydroxyl groups. After cross-linking SA with Ca^2+^, the peak intensities at 1595 and 1400 cm^--1^ were obviously decreased. These changes were associated with the combination of Ca^2+^ and carboxyl groups by chemical cross-linking.^[@ref36]^ The peak intensity at 1020 cm^--1^ was also obviously decreased, suggesting that it might be associated with the interaction between Ca^2+^ and hydroxyl groups. The FTIR spectra of SA--Ca--Ag were similar to those of SA--Ca. However, in the FTIR spectra of SHSA, a new absorption peak at 1720 cm^--1^ appeared and the peak at 1590 cm^--1^ was obviously shifted, indicating the combination of the siloxane skeleton with COO^--^ on the sponge. The siloxane skeleton was connected to trimethylsilyl groups on the outside, supporting that SHSA became superhydrophobic and resisted severe conditions, including high temperatures, UV irradiation, organic solvents, and mechanical abrasion, as we discuss below.

![FTIR spectra of SA, SA--Ca, SA--Ca--Ag, and SHSA.](ao0c02731_0004){#fig3}

3.2. Superhydrophobicity and Stability {#sec3.2}
--------------------------------------

The water contact angles of SHSA are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The reaction of (CH~3~)~3~SiCl and SiCl~4~ with our samples could be termed "instant", as it took only a few minutes at room temperature to achieve superhydrophobicity and was realized by simply exposing a sample in the vapor phase of (CH~3~)~3~SiCl and SiCl~4~. The rough AgNP-decorated SAs were superwettable to water, on which a water droplet disappeared on coming in contact ([Video S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_001.avi)). This superhydrophilic sample instantly obtained a high water contact angle of 124.7° after 1 min of exposure to the vapor phase of (CH~3~)~3~SiCl and SiCl~4~, and 142.7° after another 1 min of exposure. The sample treated for 5 min could achieve a reproducible water contact angle of 152.0° (these surfaces were used for the following experiments). In contrast, we found that SA--Ca upon reacting with the mixture of (CH~3~)~3~SiCl and SiCl~4~ showed a water contact angle of only 105.6° after 5 min of exposure and 133.0° after 3 h of exposure. In this regard, AgNPs not only formed rough hierarchical structures to support the superhydrophobicity but also acted as a catalyst to the reaction of (CH~3~)~3~SiCl and SiCl~4~, as we discussed above. The azeotrope of (CH~3~)~3~SiCl and SiCl~4~ produced a coating of uniformly compacted nanofilaments containing terminal trimethylsilyl groups directed toward the air acting as a liquid-like three-phase contact line, beneath which were the micro- and nanoscale protuberances consisting of AgNPs capturing a layer of air. This dynamic contact-line surface showed robust resistance to the attack of water. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--c and [Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi) (part 1), a jet of water sprayed on SHSA bounces off the surface without leaving a trace of water and all of the water droplets roll off the tilted surface instantly.

![Variation of water contact angles with hydrophobization time (a), a jet of water bounces off SHSA (b), and water droplets roll off SHSA (c).](ao0c02731_0005){#fig4}

The stability of the water contact angle under severe conditions, including high temperatures, UV irradiation, organic solvents, and mechanical abrasion, were also measured. The stability measurements for different temperatures are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. It is shown that all water contact angles maintained a value of \>150° as the temperature increased from 40 to 140 °C. UV irradiation is commonly from the sunlight, thus critically affecting the long-term stability of the surface. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the effect of UV irradiation time on the water contact angles of SHSA. Results displayed that the water contact angles had no obvious change under prolonged irradiation of UV light from 24 to 120 h, which indicated excellent resistance of SHSA to UV light. In addition, SHSA was immersed in toluene and dichloromethane for 120 h to examine chemical stability. SHSA was withdrawn in a certain immersion time and dried for the water contact angle measurement. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c, almost all water contact angles maintained a value of \>150° during the soaking process. Meanwhile, the mechanical stability of the superhydrophobicity was tested by a peeling process with adhesive tape, as presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi) (part 2). After 400 cycles of peeling, SHSA showed a change of less than 2° in the contact angle and became completely resistant to the water jet sprayed on it. Therefore, even a sharp abrasion to SHSA could not impair the superhydrophobicity. The outstanding mechanical resistance of SHSA could be significantly attributed to the excellent adhesion of superhydrophobic coating onto the sponges due to the great strength of the covalent bonding between the siloxane skeleton and hydroxyl groups of the sponge. In addition, the high stability of trimethylsilyl groups on the outside of the siloxane skeleton significantly supported the excellent durability of SHSA under severe conditions.

![Variation of water contact angles of SHSA after heating treatment under different temperatures for 2 h (a), ultraviolet light irradiation for diverse periods of time (b), and immersion in organic solvents for different periods of time (c).](ao0c02731_0006){#fig5}

![Variation of water contact angles with peeling times during a peeling test (a), a piece of SHSA pasted onto and peeled off an adhesive tape (b), and a jet of water bounced off SHSA after 400 peeling cycles (c).](ao0c02731_0007){#fig6}

3.3. Oil Sorption Capacity and Selective Oil Absorption {#sec3.3}
-------------------------------------------------------

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the sorption capacities of SHSA with a variety of oils ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Chloroform is one of the most common volatile organic pollutants. Soybean oil, engine oils (0W-20, 5W-40, and 20W-50), and petroleum are typical oil types that we use and are threatening to the water environment. These oils represent different viscous levels in the range of 0.56--1775.00 mPa·s. As observed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, 1 g of SHSA absorbed these tested liquids by 11.7--17.1 g, depending on the densities of the liquids. It was noted that the oil sorption capacity of chloroform was close to that of soybean oil, despite its high density, which is double that of soybean oil. This was because chloroform is a low viscous liquid (0.56 mPa·s), which led to even more liquid leakage from SHSA during free oil dripping than that of other oils. Petroleum presents a high viscous oil type. When heated to 60 °C, petroleum shows a viscosity of 1775.00 mPa·s with a surface tension of 50.00 mN/m, which is considerably higher than that of other oils. Therefore, this oil is usually hard to remove from water once leaked. However, the results in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} show that 1 g of SHSA could absorb 13.6g of petroleum. The fast take up of petroleum from water was also in the later.

![Oil sorption capacity of SHSA (a), and reusability of SHSA for soybean oil (b).](ao0c02731_0008){#fig7}

The oil-loaded SHSA could simply be squeezed by fingers to remove 55--71% of oil and reused for the next oil sorption cycles. Significantly, a piece of soybean oil-loaded SHSA could retain 90% of the initial oil sorption capacity after 10 consecutive oil sorption/desorption cycles ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Moreover, the oil sorption capacities of SHSA did not decrease but increase by ∼1 g/g in the first 4--5 cycles. This was because the oil sorption of SHSA did not reach its maximum sorption capacity in the first cycle. In the following desorption procedure, the extrusion of oil pushed it to move in the pores of SHSA and increased the wetting of oils in the inner surface, which resulted in increased oil sorption capacities in the following few cycles. The decreased oil sorption capacities after more than six cycles of reuse were the result of irreversible structure deformation of SHSA by repeated squeezing.

In addition to excellent oil sorption capacity, SHSA also showed the ability to absorb oils at a high speed. As presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, 8 μL of soybean oil droplets (56.00 mPa·s) and highly viscous engine oil droplets (20W-50, 500.00 mPa·s) falling onto SHSA surface disappeared only within 1.3 and 7.0 s, respectively ([Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi) (part 3)), which was pretty attractive to be applied as an oil sorbent for removing oils from water. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi) (part 4), SHSA could immediately remove petroleum drops from the water surface and extract chloroform drops underwater. Transparent water was observed after removing SHSA. More interestingly, a tube of oil/water mixture injected into SHSA by a syringe was directly separated ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a1,a2, [Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi) (part 5)). As shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b1--d1, a large number of scattered oil drops were present in the display area before extrusion under an optical microscope. After extrusion, only the water flowed out SHSA surface, and transparent water was collected without obvious oil drops as observed under the optical microscope. The excellent oil/water separation of SHSA was the result of simultaneous superhydrophobicity and superoleophilicity. Once the oil/water mixture was injected into SHSA, the oil drops were retained in the inner pores while the water was rejected and spouted from the surface.

![Photographs of 8 μL of soybean oil droplets (a) and 8 μL of highly viscous engine oil droplets (b) falling onto SHSA.](ao0c02731_0009){#fig8}

![Absorption of soybean oil from the water surface (a) and chloroform underwater (b) by SHSA.](ao0c02731_0010){#fig9}

![Photographs (a1) and schematic diagrams (a2) of the oil/water mixture separated by SHSA. Optical microscopic images of the mixtures of soybean oil (b1), engine oil (0W-20) (c1), and engine oil (20W-50) (d1) with water before separation. Optical microscopic images of the mixtures of soybean oil (b1), engine oil (0W-20) (c1), and engine oil (20W-50) (d1) with water after separation.](ao0c02731_0011){#fig10}

To the best of our knowledge, the alginate sponge is widely reported for the removal of heavy metal ions from water.^[@ref33]^ The application of the alginate sponge for oil/water separation is hindered by its intrinsic amphiphilicity. Recently, a paper by Wang et al. developed a hydrophobic alginate sponge by cross-linking with zirconium (Zr) ions and claimed it to be promising for oil adsorption and cleanup based on its oil sorption characteristics.^[@ref36]^ The zirconium (Zr) ion cross-linking produces a gentle hydrophobic surface for SA with CAs in the range of 130.4--140.5°, but it may also lead to a quite high volume shrinkage (reaching 63%) of the sponge, which limits the oil sorption capacity and reusability. In contrast, the alginate sponge in this work obtained a superhydrophobic surface in 5 min showing robust superhydrophobicity and superoleophilicity, as demonstrated in [Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi). For some common adsorbents (polyester textile, CNF/SF, polystyrene sponge, and PDMS sponge) that are fabricated by complicated procedures and are difficult to biodegrade after use, SHSA shows similar or relatively higher oil sorption capacity ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). In addition, SHSA could absorb very viscous oils at a high speed, which is hard for most of the other adsorbents. Although the oil sorption capacities of the as-obtained SHSA are much lower than that of chitosan aerogels,^[@ref31]^ the material and fabrication in this work are termed "green chemistry" with fully bio-based raw materials, excellent biodegradability and renewability, and nonsecondary contamination. As a comparison, the reported chitosan aerogel takes more than 14 h above 60 °C to hydrophobize itself using methyltrimethoxysilane (MTMS), whereas the alginate sponge in this work takes only 5 min at room temperature to achieve robust superhydrophobicity and the whole fabrication process is solvent-free.

###### Adsorption Capacity for Oils Using Different Adsorbents

  adsorbents                                         adsorption capacity (g/g)   references
  -------------------------------------------------- --------------------------- ------------
  commercial polyester textile                       2.90                        ([@ref32])
  the silylated CS aerogel                           63.00                       ([@ref31])
  carbon nanofiber incorporated styrofoam (CNF/SF)   3.38--12.23                 ([@ref3])
  PVDF aerogel                                       3.00--7.00                  ([@ref8])
  PDMS sponge                                        4.00--11.00                 ([@ref29])
  alginate sponge                                    11.70--17.10                this work

4. Conclusions {#sec4}
==============

In conclusion, a robust superhydrophobic sponge made from marine algae was fabricated by a facile strategy involving the freeze-drying technique and one-step CVD of two cheap chemicals: (CH~3~)~3~SiCl and SiCl~4~. The alginate sponge achieved superhydrophobicity with an average water contact angle of 152.0° in 5 min at room temperature and could resist high temperatures, UV irradiation, organic solvents, and mechanical abrasion without losing the superhydrophobicity. Falling viscous oil droplets could be absorbed within seconds (1.3--7.0 s) with sorption capacities of 11.7--17.1 g/g for oils of different viscous levels (0.56--1775.00 mPa·s). These sponges could be effectively used to remove oil layers from the water surface or separate oil droplets from oil/water mixtures. The fully bio-based raw materials, facile fabrication strategy, and robust oil/water separation performance make the resultant sponge a competitive material for oil spill emergency remediation.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02731](https://pubs.acs.org/doi/10.1021/acsomega.0c02731?goto=supporting-info).Falling water droplets instantly disappear on the SA--Ca--Ag surface (left part) and water droplets are not quite stable on the SA--Ca--Ag surface after 5 min of CVD (right part) ([Video S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_001.avi))Water sprayed on SHSA bounces off the surface (part 1), SHSA is subjected to a sharp abrasion with adhesive tape and is resistant to the water jet spayed on it (part 2), 8 μL of soybean oil droplets falling onto SHSA disappears within 2 s (part 3), SHSA removes petroleum droplet from the water surface and extracts chloroform droplets underwater (part 4), and a tube of oil/water mixture injected into SHSA by a syringe is directly separated (part 5) ([Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_002.avi))SEM images of SA--Ca and SHSA after 5, 10, 15, 30, and 60 min of CVD (Figure S1) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02731/suppl_file/ao0c02731_si_003.pdf))
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